Membrane fusion underlies such important biological processes as virus entry into host cells, intracellular protein trafficking, fertilization, formation of muscle fibres and bone resorption. In addition, pathologies such as osteoporosis and implant rejection have been attributed to aberrant fusion. Members of the tetraspanin protein superfamily have been ascribed multiple roles in membrane biology, forming extensive lateral associations and regulating the function of effector molecules by clustering them in specific areas of the membrane. The present review aims to summarize the experimental evidence for tetraspanin function in different fusion events and highlight common themes.
Introduction
Tetraspanins are a family of small (20-50 kDa) TM (transmembrane) proteins. Since its discovery in 1990, the superfamily has grown to include 33 members in humans, 37 in Drosophila melanogaster, 21 in Caenorabditis elegans as well as members in plants, fungi and protozoa [1, 2] . The conservation of tetraspanin genes from early metazoa to modern humans suggests that they appeared early in evolution and perform important functions [2] .
Characteristic structural features of tetraspanins are four TM domains, short intracellular N-and C-termini, a small and a large extracellular loop [EC1 (extracellular domain 1) and EC2 (extracellular domain 2) respectively] and a small intracellular loop. A number of residues are highly conserved between family members, as illustrated in Figure 1 . The only available high-resolution crystal structure of a tetraspanin is that of a soluble CD81 EC2 dimer [4] . Homology modelling and other predictive methods suggest that the overall fold of the EC2 domain is conserved across the superfamily [5] .
Most tetraspanins are nearly ubiquitous on the surface of animal cells, but the expression of some is restricted to particular cell types or developmental stages [6] . Tetraspanins are also detected on various intracellular and cellularderived membranes and membranous compartments such as lysosomes, platelet α-granules, multivesicular bodies, rod and cone cell outer-segment membranes, exosomes and the envelopes of budding viruses [7] [8] [9] . Tetraspanin family members are associated with diverse biological processes, including membrane fusion, adhesion, motility, immune system function and viral infections [3] .
Tetraspanins are organizers of membrane complexes
The precise role of tetraspanins in membrane biology is not clearly understood, as they lack enzymatic activity and few examples exist of tetraspanin receptor-ligand interactions. It is known, however, that these proteins have a propensity for direct and indirect lateral associations with various proteins, including other tetraspanins, on the cell surface. Palmitoylated cysteine residues (see Figure 1 ) also promote interactions with membrane lipids [10] . Evidence supports the existence of TEMs (tetraspaninenriched microdomains) similar to, but distinct from, lipid rafts [3] . Tetraspanins can cluster effector molecules such as receptors, ligands, fusogens and signalling proteins in TEMs thereby regulating their access to functional regions of the cell membrane such as areas of cell-cell contact. Table 1 summarizes the evidence so far for tetraspanin function in fusion.
Photoreceptor cell outer-segment formation
The tetraspanin peripherin-2 (also known as peripherin/RDS) is essential for the formation and renewal of photoreceptor outer-segment discs, flat membraneous sacs that contain the light-sensitive pigment rhodopsin. Peripherin-2 mutations are responsible for a variety of retinal dystrophies in humans [3] . The C-terminus of peripherin-2 directly mediates membrane fusion in vitro [11] , due to the presence of an amphipathic helix (fusion peptide) downstream of a highly conserved 'fusion activating' domain [12] . These features are highly reminiscent of viral fusogens (see below). However, peripherin-2 is atypical in having a long C-terminus and forming intermolecular disulfide linkages [12] , and therefore it is unlikely that its fusogenic activity generalizes to the other tetraspanins discussed here.
Figure 1 Generalized structure of tetraspanins
Tetraspanins comprise four TM domains (TM1-TM4), short cytoplasmic N-and C-termini, a small cytoplasmic loop and two extracellular loops, EC1 and EC2. The larger EC2 loop is composed of constant (light grey) and variable (helices A, B and E) regions. Up to four disulfide linkages can be formed by conserved cysteine residues (circles with the letter C) in the EC2. The intracellular loop and the N-and C-termini also typically contain cysteine residues (stars) which can be palmitoylated. Several conserved polar amino acids (grey circles) are present in TM1, TM3 and TM4. Most tetraspanins also contain glycosylation sites in the EC2. Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology [3] , c 2005.
Virus host-cell interactions
Viruses are obligate parasites of eukaryotic cells. The life cycle of enveloped viruses necessitates interaction and fusion of the viral lipid envelope with host-cell membranes for virus entry, intracellular trafficking of viral-envelope proteins and viral egress [13] . The fusogenicity of viral envelopes is attributed to viral-coat proteins that undergo conformational changes to bring the viral envelope into close proximity with the host-cell membrane thus reducing the energetic barrier to membrane merger [14] . In addition, viral-coat proteins can induce the formation of multinucleated syncytia, where a virus-infected cell fuses with uninfected cells. The functional significance of syncytia in viral pathology is not fully understood but it is likely that they facilitate cellcell spread of virus and may deplete large populations of susceptible cells [15] .
Tetraspanins have been implicated in several enveloped virus infections including HIV-1, HTLV (human T-cell lymphotrophic virus), CDV (canine distemper virus) and HCV (hepatitis C virus; see [13] for a detailed review). The tetraspanin CD81 is a receptor for HCV membrane glycoprotein E2 [13] . Human CD81 reportedly mediates intracellular trafficking of HCV envelope proteins and incorporation into exosomes [17] . Exosomes are endosomalderived vesicles released into the extracellular environment by many cell types. They are thought to convey molecules and messages between cells [18] . Exosomes containing HCV RNA have been isolated from infected patients and may constitute a mode of viral spread in vivo [17] . It has recently been reported that exosomes containing the tetraspanin Tspan8 selectively recruit proteins involved in exosome binding to endothelial cells and internalization [18] .
Several tetraspanins are implicated in HIV-1 infection. Anti-CD81 antibody enhances HIV-1 entry into human T-lymphoblasts, and anti-CD9 and anti-CD81 antibodies increase HIV envelope-induced syncytium formation. Knockdown of CD81 and CD9 expression increased syncytium formation, whereas overexpression of CD9, CD81 and CD63 had an inhibitory effect [9, 19, 20] . In addition, overexpression of these tetraspanins in both HIV-1 producer and target cells had a cumulative effect on their fusion [9] . Contrary to these inhibitory effects on HIV-1 entry and syncytium formation, tetraspanins may facilitate virus exit from infected cells. The HIV-1 proteins Gag (regulator of viral assembly and transit) and Env (fusogenic coat protein), co-localize with the tetraspanins CD63, CD9, CD81 and CD82 in TEMs on the cell surface [21] . Components of the host machinery required for virus budding are also found in these TEMs. Further, the tetraspanin CD63 is enriched in HIV-1 budded particles, despite its low abundance at the cell surface.
HTLV-1 is an enveloped virus that primarily spreads through cell-cell fusion [13] . Anti-CD81 and anti-CD82 antibodies inhibit HTLV-1-induced syncytium formation [22] . A physical association has been found between CD82 and HTLV-1 envelope proteins inside cells and on the cell surface [23] , suggesting that CD82 is a positive regulator of HTLV-1 cell-cell spread.
The work of Singethan et al. [24] further supports the notion that tetraspanins regulate viral fusion by controlling access of the viral fusion machinery to crucial areas of the cell membrane. They report that a bivalent anti-CD9 antibody induced CD9 clustering in microvilli-like structures at cell-cell contact areas. Measles virus envelope proteins were enriched in these clusters, whereas CDV proteins were excluded from them. Correspondingly, anti-CD9 antibody repressed CDV-but not measles virus-induced syncytium formation. This mechanism of tetraspanin action may apply to other types of fusion and indeed other cellular processes such as adhesion, motility, signalling, etc.
Sperm-egg fusion
The tetraspanin CD9 is the only molecule identified so far as indispensable for sperm-egg fusion [25] . Anti-CD9 antibodies strongly inhibit sperm-egg fusion, and CD9
− / − knockout mice have severely reduced fertility in females but not males [26] [27] [28] [29] . Injection of mouse or human CD9 mRNA into CD9 − / − mouse oocytes restores fusion competence [30, 31] , suggesting an essential function for CD9 on the oocyte surface. CD9 molecules become densely concentrated in the oocyte microvilli, structures that rearrange to capture the sperm head [28] . Absence of CD9 alters the curvature of these microvilli, implying that CD9 may have a mechanistic role in controlling membrane curvature [32] (as has been shown for the tetraspanin peripherin/RDS [33] ). Analogies may also be drawn to virusinduced syncytium formation where CD9 regulates access of the fusion machinery to cell-cell contact areas (see above). Recombinant soluble CD9 EC2 domains significantly inhibit sperm-egg fusion, but only when pre-incubated with eggs not sperm, supporting the idea that CD9 interacts laterally (in cis) with a molecule on the egg surface, modulating its function [30] .
CD81 may provide functional compensation in spermegg fusion as its overexpression partially restores fertility in CD9 − / − mice [31] . Interestingly, this interplay between CD9 and CD81 has been observed in both myoblast and monocyte fusion (see below). The tetraspanin CD151 associates directly with the integrin α6β1 on the surface of human oocytes forming distinct patches. An anti-α6β1 antibody strongly inhibited sperm-egg fusion in human zona-free eggs, whereas an anti-CD151 antibody had a partial inhibitory effect. In addition, anti-CD9 antibody prevents α6β1 clustering when added prior to zona removal. Together these data suggest that tetraspanin association with integrins may be important in sperm-egg fusion in humans [34] .
Myoblast fusion
Muscle development in humans is initiated in late embryogenesis when cells of the myoblast lineage fuse to generate multinucleated myotubes, the building blocks of skeletal muscle. Adult muscle stem cells can also fuse with existing muscle fibres to regenerate and maintain muscle [35] . Evidence supports a positive regulatory role for CD9 and CD81 in myoblast fusion. Anti-CD9 and anti-CD81 mAbs (monoclonal antibodies) delayed myoblast fusion and promoted early myotube degeneration. When used together, the effect of these antibodies was additive, hinting that there is some functional redundancy between the two tetraspanins. In addition, overexpression of CD9 in RD rhabdomyosarcoma cell lines enhances spontaneous syncitium formation reminiscent of viral infections [36] . Strong CD9 expression is detected at the surface of wild-type myoblasts, but is almost entirely absent from β1 integrindeficient myoblasts [37] . Since these myoblasts adhere to each other but do not fuse, there may be a functionally significant association between CD9 and β1 integrin in myotube formation.
Mononuclear phagocyte fusion
Mononuclear phagocytes (monocytes) are cells of the haemopoietic lineage that circulate in blood and differentiate into macrophages in tissues. Monocyte fusion is a rare type of macrophage differentiation resulting in the formation of osteoclasts or MGCs (multinucleated giant cells) [35] . Osteoclasts are bone-resorbing cells, essential to bone homoeostasis. Defects in osteoclast formation lead to osteopetrosis where bones are thick and brittle, whereas increased osteoclast activity can cause osteoporosis and rheumatoid arthritis [38] . MGCs are associated with chronic inflammatory conditions in which granulomas are present such as tuberculosis and foreign body granulomas (e.g. suture granulomas). In both types of giant cell, the functional significance of multinucleation is to increase cell size, thereby facilitating efficient extracellular digestion of targets that cannot be internalized (i.e. bone, some bacteria or biopolymers used in surgery).
Monocyte fusion appears to be a complex process involving many factors, notably cytokines, growth factors and cell-surface receptors [35, 39] . The actual merger of monocyte membranes is likely preceded by a sequence of wellregulated steps such as acquisition of a fusion-competent status, adherence to a surface, migration towards a fusing partner, cell-cell recognition and membrane reorganization events [38] .
Takeda et al. [40] explored the role of CD9 and CD81 in MGC formation. Anti-CD9 and anti-CD81 antibodies enhanced fusion and their co-addition had a cumulative effect. Since no effects were observed on monocyte adherence, these tetraspanins probably act a late step in giant cell formation. CD9-and CD81-null mice show enhanced fusion in vitro, whereas CD9/CD81 double-knockout mice show spontaneous giant cell formation in the lung and enhanced osteoclastogenesis in the bone concurrent with low bone mass, hinting once again at functional interplay between the two tetraspanins.
CD9, CD81 and CD63 are mildly up-regulated when monocytes are cultured under normal conditions in vitro. Under fusogenic conditions, however, CD9 and CD81 up-regulation is inhibited, whereas CD63 up-regulation is enhanced [40] . Concurrent with this, it was found that anti-CD9 and anti-CD81 antibodies enhance monocyte fusion, whereas a range of anti-CD63 antibodies have inhibiting effects [39] . Soluble EC2 domains were used to investigate the specificity of these effects. Human CD9 EC2 significantly inhibited fusion, whereas no effect was observed with CD81 EC2 and murine CD9 EC2 (77 % sequence identity with human CD9 EC2). Moreover, co-addition of CD9-and CD81-EC2 diminished the inhibitory activity of CD9 EC2. These results indicate the disruption of crucial CD9 interactions with a specific membrane component (possibly a fusion partner), whereas CD81 probably has a more indirect role in fusion. CD63 EC2 also inhibits giant cell formation, suggesting that it has a direct role to play [39] .
In contrast with MGC formation, CD9 appears to enhance osteoclastogenesis. CD9 expression in an osteoclast precursor cell line is enhanced upon RANKL (receptor activator of nuclear factor κB ligand) stimulation and an anti-CD9 antibody and depletion of CD9 mRNA both decrease osteoclast numbers in vitro. On the other hand, CD9 overexpression induces spontaneous osteoclast formation even in the absence of RANKL stimulation [41] . In vivo, abundant CD9 expression is detected on activated osteoclasts found at sites of pathological bone resorption such as in arthritic joints [42] . The tetraspanins Tspan5 and Tspan13 (NET-6) are up-and down-regulated respectively during osteoclast formation. RNAi (RNA interference) to deplete Tspan5 and Tspan13 mRNA supports a positive and negative regulatory role for these proteins respectively [43] .
Conclusions
It is highly likely that, as in other fusion systems, tetraspanins do not act as monocyte fusogens but regulate the activity of fusogenic molecules. Physical associations have been reported between CD9 and other molecules involved in monocyte fusion, but their functional significance remains to be elucidated (reported in [39] ). Of interest is the appearance of extensive interdigitations (microvilli-like projections) in the plasma membranes of fusing monocytes [44] . These structures may promote clustering of fusogenic molecules in specific regions of the plasma membrane, thereby facilitating membrane fusion. A link has already been established between microvilli-like structures and tetraspanins in spermegg fusion and virus-induced cell-cell fusion (see above). It is tempting to infer that this represents a universal mechanism of fusion regulation by tetraspanins, at least as far as cell-cell fusion is concerned. 
